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Using AS-30D rat ascites hepatoma cells, we studied the modulating action of various antioxidants, inhibitors of mitochondrial permeability
transition pore and inhibitors of the respiratory chain on Cd2+-produced cytotoxicity. It was found that Cd2+ induced both necrosis and apoptosis in a
time- and dose-dependent way. This cell injury involved dissipation of themitochondrial transmembrane potential, respiratory dysfunction and initial
increase of the generation of reactive oxygen species (ROS), followed by its decrease after prolonged incubation. Inhibitors of the mitochondrial
permeability transition pore, cyclosporin A and bongkrekic acid, and inhibitors of respiratory complex III, stigmatellin and antimycin A, but not
inhibitor of complex I, rotenone, partly prevented necrosis evoked by exposure of the cells to Cd2+. Apoptosis of the cells was partly prevented by free
radical scavengers and by preincubation with N-acetylcysteine. Stigmatellin, antimycin A and cyclosporin A also abolished Cd2+-induced increase in
ROS generation. It is concluded that Cd2+ toxicity in AS-30D rat ascites hepatoma, manifested by cell necrosis and/or apoptosis, involves ROS
generation, most likely at the level of respiratory complex III, and is related to opening of the mitochondrial permeability transition pore.
© 2006 Elsevier B.V. All rights reserved.Keywords: Cadmium; Apoptosis; Reactive oxygen species; Respiratory complex III; Permeability transition pore; Hepatoma AS-30D; Mitochondria1. Introduction
Divalent cadmium cation is a strong cytotoxic and genotoxic
agent of high environmental and occupational hazard [1]. There
is ample evidence that Cd2+ produces apoptotic cell death (for
review see [2]), although non-apoptotic cell decay has also been
observed under specific conditions [3]. Cytotoxic effects of Cd2+
in various cell lines involve oxidative stress [4–7]. Evidence has
also been accumulated that mitochondria are likely to be one of
the primary targets of the noxious action of Cd2+ within the cellAbbreviations: BKA, bongkrekic acid; CsA, cyclosporin A; CCCP, carbonyl
cyanide 3-chlorophenylhydrazone; DCFH2, 2′,7′-dichlorodihydrofluorescein;
DCFH2-DA, diacetate ester of DCFH2; JC-1, 5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolcarbocyanine iodide; MPT, mitochondrial permeability
transition; NAC, N-acetylcysteine; PBS, phosphate buffered saline; ROS,
reactive oxygen species; TEMPO, 2,2,6,6-tetramethylpiperidinyl-l-oxyl; TTFA,
thenoyltrifluoroacetone; ΔΨmito, mitochondrial transmembrane potential
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doi:10.1016/j.bbabio.2006.09.006(cf. [4,8–10] and literature cited therein). We have previously
shown [11–14] that Cd2+ induces permeability transition pore
opening in isolated mitochondria by interacting with calcium-
and thiol-dependent domains crucial for mitochondrial mem-
brane permeability. In our hands, the Cd2+-promoted perme-
ability transition induced in the absence of added Ca2+ [10]
could be prevented by rotenone, inhibitor of respiratory complex
I, as effectively as by CsA, the well-known inhibitor of the
mitochondrial permeability transition pore [15]. We hypothe-
sised that respiratory complexes I and III might be involved in
mitochondrial membrane permeabilization promoted by Cd2+,
in particular that complex I contributed to the induction of MPT
mainly via P-site while complex III was crucial for its induction
via S-site [10,12,13].We further speculated that complexes I and
III may constitute not only critical Me2+-binding sites but also
main loci for ROS generation that was instrumental in oxidation
of thiol groups and opening of the permeability transition pore.
It became therefore interesting to investigate to what extent
our previous findings obtained with isolated rat liver mitochon-
dria [9–14] can shed light on the mechanism of Cd2+ toxicity in
intact cells. The ability of Cd2+ to act not only as SH reagent but
Fig. 1. Time- and dose-dependent action of Cd2+ on AS-30D rat hepatoma cell
viability assayed by the trypan blue exclusion test. AS-30D cells weremaintained
in RPMI 1640medium as described underMaterials andmethods. The results are
expressed as mean values of four separate experiments ±SE. *P<0.05.
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behaviour and can help to solve the problem of the proposed
direct participation of the respiratory chain components in Cd2+-
induced cell death. As an object of this study we chose rat
hepatoma AS-30D cells cultivated in vitro. This highly malig-
nant and poorly differentiated cell line is derived from a solid
liver tumour induced by feeding rats with the carcinogen 3′-
methyl-4-dimethylaminoazobenzene. Cells taken from this
tumour have been then adapted to grow in the peritoneal cavity
of rats [16]. They are characterized by high respiration rate and
high rate of oxidative phosphorylation along with intense
glycolysis [17–19]. In the present investigation, the cells were
grown as cell culture in artificial medium [20], yielding very
pure and relatively uniform cell population.
2. Materials and methods
Stigmatellin, myxothiazol, antimycin A, rotenone, bongkrekic acid (BKA),
oligomycin, safranine O, carbonyl cyanide 3-chlorophenylhydrazone (CCCP),
N-acetylcysteine (NAC), 2,2,6,6-tetramethylpiperidinyl-l-oxyl (TEMPO), pro-
pidium iodide, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocya-
nine iodide (JC-1), 2′,7′-dichlorodihydrofluorescein diacetate (DCFH2-DA),
digitonin, and CdCl2 were purchased from Sigma-Aldrich (St. Luis, MO, USA).
CsA was from Novartis (Basel, Switzerland). All cell culture supplies were
products of GIBCO BRL (Grand Island, NY). Other chemicals used were of
analytical reagent grade. Water-insoluble chemicals were used as their solutions
in ethanol or dimethylsulphoxide. Equivalent amounts (usually a fewmicroliters)
of the solvent alone were always added to the controls.
Rat ascites hepatoma AS-30D cells, kindly provided by Dr. Antonio
Villalobo (Institute for Biomedical Research, National Research Council and
Autonomous University of Madrid, Spain), were maintained in RPMI-1640
medium containing 20 mM HEPES–NaOH (pH 7.4) and supplemented with
2mML-glutamine, 10% foetal calf serum and gentamycin 40 μM/ml at 37 °C in a
humidified atmosphere of 5%CO2 in air essentially as described previously [20].
The cells were seeded at a density of 0.5×106 cells/ml and used for experiments
after being cultured overnight. Cell viability was assessed by the trypan blue
exclusion test.
The transmembrane potential (ΔΨmito) in digitonin-permeabilized cells was
determined fluorimetrically with safranine O [21] at 495 nm (excitation) and
586 nm (emission) wavelengths. Under these conditions, decrease of the fluo-
rescence corresponded to an increase of ΔΨmito. The system was not calibrated
and therefore the results reflected changes of ΔΨmito rather than their absolute
values. In intact cells, changes in ΔΨmito were monitored after staining with the
lipophilic cationic probe JC-1 [22], using channels FL-1 (green) and FL-2
(orange-red) of the flow cytometer. JC-1 accumulates in mitochondria with high
ΔΨmito and, due to molecular stacking, changes its fluorescence from green to
red.
The proportion of cells undergoing apoptosis under experimental conditions
was determined as the sub-G1 fraction after staining with propidium iodide
[23,24] and using flow cytometry (10,000 cells from each sample) in FL-2
channel. In this procedure, the DNA content frequency histograms are plotted
that enable to discriminate between cells with normal (diploid) DNA content and
those forming a broad hypodiploid DNApeak, the sub-G1 population. Cell debris
containing minute amounts of DNAwas excluded from calculation [23].
ROS production was measured with the oxidation-sensitive fluorescence
probe DCFH2 using flow cytometry. The cells were incubated with 20 μM
concentration of the diacetate ester of the probe (DCFH2-DA) at 37 °C for 30min
as described previously [20] and analysed by flow cytometry using green light-
sensitive photomultiplier (FL1) [25].
Respiration of the cells was determined polarographically using Clark
oxygen electrode in a thermostatic water-jacketed vessel at 37 °C.
All flow cytometry assays were carried using the FACS Calibur instrument
and Cell-Quest software (Becton Dickinson, San Jose, CA) and fluorimetric
measurements were performed in Shimadzu model RF 5000 spectrofluorimeter
(Kyoto, Japan).Data are expressed as mean values±SE for at least three independent expe-
riments, unless otherwise indicated. Statistical significance was evaluated using
Student's t-test, with P<0.05 assumed as the significance threshold.3. Results
Experiments on the toxicity of Cd2+ in hepatoma AS-30D
cells that lasted for 3 h or more were performed in the complete
RPMI medium, as a prolonged incubation of the cells in phos-
phate buffered saline (PBS) was unfavourable for the cell growth
and survival. Only some short-term experiments were carried
out in PBS, as will be indicated.
Although discrimination between cells undergoing necrosis
and apoptosis is not always straightforward, we have assumed in
this study, in accordance with similar investigations by other
authors (see e.g. [26]), that the trypan blue-exclusion assay,
depicting the loss of plasma membrane integrity, corresponds
with a certain approximation to necrosis, whereas DNA frag-
mentation assayed by propidium iodide staining and quantifica-
tion of the resulting sub-G1 fraction were used as a commonly
accepted test for apoptosis [23,24]. Having this in mind, it was
found that treatment of the cells with micromolar concentrations
of Cd2+ resulted, in a time- and dose-dependent way, in both
necrosis (Fig. 1) and apoptosis (Fig. 2). In particular, 100 μM
Cd2+ produced significant necrosis already after 3 h and the
effect increased with time (Fig. 1), whereas symptoms of apop-
tosis could be observed only after 24 h and later (Fig. 2). The
effects of lower concentrations of Cd2+ were weaker and became
negligible at 10 μM even after 48 h (Fig. 1).
Further experiments were aimed to investigate a possible
modulating action on Cd2+ cytotoxicity of inhibitors of the MPT
pore, CsA and BKA; inhibitors of the mitochondrial respiratory
chain, rotenone (complex I), TTFA (complex II), myxothiazol,
stigmatellin, and antimycin A (complex III); inhibitor of F1Fo-
ATPase, oligomycin; as well as ROS scavengers and antiox-
idants, TEMPO, mannitol and NAC. In control assays, i.e. in the
absence of Cd2+, some of these compounds, as rotenone, TTFA
Fig. 2. Induction of apoptosis in AS-30D cells by Cd2+. The cells were cultivated in RPMI 1640 mediumwithout (controls) or with 100 μMCd2+ for the time indicated,
stained with propidium iodide and analysed by flow cytometry. Percentage of the sub-G1 fraction, characteristic for apoptotic cells, is indicated in the upper left corner
of each panel. The figure shows a representative experiment. Mean values±SE for five (5 h) or three (24 h and 48 h) experiments were as follows: Controls: 5 h, 15±4;
24 h, 16±4; 48 h, 21±3. Cells incubated with Cd2+: 5 h, 19±4; 24 h, 28±2; 48 h, 42±6.
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24 h contact with the cells. Some others, as CsA, BKA,
oligomycin, antimycin A, stigmatellin, NAC andmannitol, were
without effect at the concentrations used or their effect was
statistically insignificant (Table 1). However, 5 μMCsA, 50 μM
BKA, 1 μM stigmatellin and 1 μM antimycin A exhibited a
significant protective effect against loss of cell viability (assayed
by trypan blue exclusion) induced by exposure of the cells to
100 μM Cd2+ for 3 h and, to a lower extent, to 50 μM Cd2+ for
24 h (Table 1). Myxothiazol and rotenone were under these
conditions without a significant effect. In addition, 2 h pre-
treatment of the cells with 10 mM NAC resulted in a strong
protection. CsA, BKA and oligomycin were ineffective. How-
ever, no protection whatsoever by stigmatellin, antimycin A or
preincubation with NAC could be observed in cells incubated
with 50 μM Cd2+ for 48 h when the percentage of cell death
exceeded 60% (not shown).
Prompted by the protective action of NAC against permea-
bilization of the hepatoma cells to trypan blue, we looked for a
possible effect of this compound and two other antioxidantsagainst Cd2+-induced apoptosis. It was found that both mannitol
(50 mM) and TEMPO (1 mM) as well as preincubation with
10 mM NAC significantly prevented apoptosis induced by
50 μM Cd2+ (Table 2).
To further elucidate the molecular mechanism(s) underlying
Cd2+-induced cell death, the effect of cadmium ion on ΔΨmito
and ROS production was investigated. It was found that Cd2+
produced a time- and dose-dependent dissipation of ΔΨmito, as
measured in both intact (Fig. 3A) and digitonin-permeabilized
(Fig. 3B) cells. Intact cells incubated with 100 μM Cd2+ for 3 h
and stained with JC-1 exhibited 85% of green fluorizing cells
characteristic for fully depolarized mitochondria and 100% of
cells with depolarized mitochondria after 24 h, as compared to
41% in control cells (Fig. 3A). For cells posed with 50 μMCd2+
these values were 60% and 77%, respectively. When the degree
of mitochondrial coupling was measured in digitonin-permea-
bilized cells, it was found that in the presence of 50 μM Cd2+
mitochondria behaved as in untreated cells after 3 h, but were
completely unable to build the membrane potential after 24 h
(Fig. 3B).
Table 1
Effects of antioxidants and of inhibitors of the permeability transition and of the
respiratory chain on Cd2+-induced cytotoxicity of AS-30D rat ascites hepatoma
cells
Treatment Control
(3 h)
100 μM
CdCl2 (3 h)
Control
(24 h)
50 μM CdCl2
(24 h)
None (control) 9±1 27±2* 10±1 43±3*
NAC 10 mM
(pre-treatment for 2 h)
8±1 14±4** 9±1 17±5**
TEMPO 1 mM 14±3 41±1
Mannitol 50 mM 8±2 35±4
CsA 5 μM 8±1 15±2** 10±1 57±3
BKA 50 μM 12±1** 12±3 39±1
Oligomycin 5 μg/ml 14±3 48±15
Rotenone 1 μM 28±2 26±1* 53±10
TTFA 1 μM 34±8* 92±2**
Myxothiazol 5 μM 15±4 31±5 20±1* 53±11
Stigmatellin 1 μM 11±1 16±4** 10±2 25±5**
Antimycin A 1 μM 14±1 17±2** 13±2 32±6
The cells were incubated in the RPMI medium supplemented with L-glutamine
and foetal serum as specified under Materials and methods without (control) or
with the indicated concentrations of CdCl2 for 3 h or 24 h and the additions
specified in the table under “Treatment”. Cell viability was determined with the
trypan blue exclusion test. The numbers in columns express percentage of trypan
blue-positive cells. The data are mean values for 4 experiments±SE. Statistical
significance: *P<0.05 with respect to the corresponding control; **P<0.05
with respect to Cd alone.
Fig. 3. Time- and dose-dependent dissipation of mitochondrial membrane
potential in AS-30D cells after treatment with Cd2+. (A) Intact cells. The
columns show proportion of cells with low ΔΨmito (characterised by green
6
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revealed by flow cytometry using DCFH2-DA as the ROS-
sensitive probe. Analysis of the respective histograms reveals
two distinct, though overlapping, subpopulations characterized
by low and high rates of ROS production, respectively (Fig. 4,
subpopulations M1 and M2). In cells incubated for 50 min with
100 μM Cd2+ the highly stained subpopulation (M2) increases
so that the overall ROS production, as expressed by the geo-
metrical mean, is almost doubled compared to control cells.
Interestingly, no effect of Cd2+ could be observed after 30 min
(not shown). Incubation of the cells with 100 μM Cd2+ for 24 h
resulted in a decrease of ROS generation (Fig. 4), presumably
because progressive cell damage, as also illustrated by a loss of
cell respiration (see below) and a drastic decrease of ΔΨmito
(Fig. 3).
In our hands, neither respiratory inhibitors antimycin A and
stigmatellin nor MTP blocker CsA had any significant effect on
ROS production by the hepatoma cells. Only the protonophore
CCCP decreased this rate (Fig. 5), as generally observed forTable 2
Protection by N-acetylcysteine and free radical scavengers against Cd2+-
produced apoptosis of AS-30D cells
Treatment Apoptotic cells (%)
CdCl2 alone 36±5
NAC followed by CdCl2 alone 21±2
CdCl2+mannitol 23±1
CdCl2+TEMPO 27±3
The cells were preincubated with 10 mM NAC for 2 h and washed prior to the
addition of 50 μM Cd2+, whereas TEMPO (1 mM) and mannitol (50 mM) were
added together with Cd2+. Apoptosis was evaluated by monitoring the
appearance of sub-G1 fraction after 24 h as in Fig. 2. Mean values±SE for
three experiments are shown.
fluorescence) as determined with JC-1. In each assay about 10 cells were used
that were incubated in either PBS (for 30 min) or RPMI medium (for 3 h and
24 h) with 50 μM or 100 μM Cd2+ before staining with JC-1. The percentage of
cells with low ΔΨmito in the control samples (without Cd
2+) was assumed as 1.
Full dissipation of ΔΨmito was obtained with 2 μM CCCP+2 μM valinomycin.
The columns represent means±SE of three independent experiments, *P<0.05
and **P<0.01. (B) Permeabilized cells. The cells were incubated in RPMI
medium without (controls) or with 50 μM Cd2+ for 3 h or 24 h, separated by
centrifugation and suspended in a medium containing 100 mM KCl, 50 mM
Tris–HCl (pH 7.4), 5 mM glutamine and 8 μM safranine O. Each trace was
started by addition of 106 cells to 3.0 ml of this medium. Digitonin (Dig, 15 μl of
1% solution in DMSO), succinate (Succ, 5 mM), rotenone (Rot, 1 μM),
antimycin A (AA, 1 μM) and CCCP (1 μM) were added where indicated.
Decrease of safranine O fluorescence corresponds to an increase of ΔΨmito.
Trace 1, control 3 h; trace 2, Cd2+ 3 h; trace 3, control 24 h; trace 4, Cd2+ 24 h.
The results are representative for a series of three experiments.
Fig. 4. Dose- and time-dependent changes of ROS production in AS-30D cells treated with Cd2+. The cells were incubated in PBS (50 min) or RPMI medium (24 h)
without or with indicated Cd2+ concentrations for 50 min or 24 h, correspondingly. The histograms reveal two distinct subpopulations characterised by low (M1) and
high (M2) fluorescence, respectively, corresponding to cells with low and high ROS generation. The overall ROS production is depicted as the geometric mean of the
total green fluorescence of the oxidation product of DCFH2. The figure is representative for three independent experiments. The mean values±SE were as follows:
Panels A (50 min): control, 106.5±32.5; 50 μMCd2+, 150.5±23.5; 100 μMCd2+, 191±2; Panels B (24 h): control, 137.5±20.5; 50 μMCd2+, 141±29; 100 μMCd2+,
72.5±8.5.
Fig. 5. Effects of CCCP, antimycin A, stigmatellin and CsA on Cd2+-induced
increase of ROS generation in AS-30D cells. The cells were incubated in PBS
for 50 min without or with 100 μMCd2+ in the presence of 1 μMCCCP or 1 μM
antimycin A (AA) or 1 μM stigmatellin (Stig) or 5 μM CsA. Intracellular ROS
production was measured as in Fig. 4 and expressed as percentage of the control
without additions. Statistical significance: *P<0.05 compared to untreated
control; **P<0.05 compared to the cells treated with Cd2+ alone.
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interesting to note that stigmatellin and CsA prevented the
increase of ROS generation induced by 100 μM Cd2+.
Antimycin A had a smaller effect. CCCP decreased ROS pro-
duction in Cd2+-treated cells to the same level as in control cells
(Fig. 5).
Cd2+ produced a dose- and time-dependent disturbance of the
cellular respiration, namely after 3 h treatment, 100 μM Cd2+
depressed both the basal and CCCP-uncoupled respiration,
while 50 μM Cd2+ was ineffective after 3 h incubation but
produced a practically complete inhibition of the respiration
after 24 h exposure of the cells (data not shown).
4. Discussion
Using AS-30D rat ascites hepatoma cells, we found that Cd2+
at micromolar concentrations induced both necrosis and
apoptosis in a time- and dose-dependent manner (Figs. 1 and
2). Dissipation of ΔΨmito (Fig. 3), increased ROS generation
(Fig. 4) and respiratory dysfunction were all involved in this
Cd2+-induced cell injury. We also observed that NAC (gluta-
thione precursor), CsA and BKA (MPT pore inhibitors) as
well as inhibitors of respiratory complex III, stigmatellin and
antimycin A, partly prevented necrosis after 3 h and/or 24 h
exposure of the cells to Cd2+ (Table 1). Dissipation of ΔΨmito in
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cellular ROS production. Although both effects have not been
followed rigorously in parallel, it was observed that ΔΨmito
dissipation was only slightly increased after 3 h with 50 μM
Cd2+ (Fig. 3A and B), whereas ROS generation was consi-
derably elevated already after 50 min (Fig. 4). It can thus be
inferred that damage to the proton pumping machinery and/or
increased permeability of the inner mitochondrial membrane to
protons may be secondary to increased ROS accumulation.
Not only cell death (Table 1) but also Cd2+-induced ROS
formation appeared to be abolished by inhibitors of complex III
of the respiratory chain, stigmatellin and to a lower extent
antimycin A (Fig. 5). Furthermore, glutathione precursor, NAC,
and ROS scavengers, TEMPO andmannitol, partly protected the
cells against Cd2+-induced apoptosis (Table 2). All these obser-
vations point to intracellular ROS generation by Cd2+ as an early
event in cadmium cytotoxicity as well as underscore the leading
role of mitochondria in this process. The involvement of com-
plex III is further reinforced by the absence of a significant effect
of rotenone (complex I inhibitor) on Cd2+-induced cell death
(Table 1).
All these arguments point to mitochondrial dysfunction as the
main player in Cd2+-induced ROS-dependent injury of AS-30D
hepatoma cells that is in agreement with the latest findings on
molecular mechanism(s) of Cd2+ cytotoxicity [28,29]. There is
ample evidence that Cd2+ induces ROS generation in a variety of
cells and tissues [2,4–7,26,28–30]. A possible mechanism of
this generation is inhibition of the mitochondrial respiratory
chain as observed by several authors [8,30–32] and also
confirmed in the present investigation. According to Wang et
al. [30], Cd2+ might bind between semiquinone and cytochrome
b566 at Qo site of complex III, resulting in accumulation of
semiubiquinones at the Qo site. On the other hand, oxidative
stress is known to promote opening of the mitochondrial per-
meability transition pore [33] and to induce apoptotic cell death
[34–37]. All this validates our previous proposal [10,12,13] that
respiratory complex III might be involved in mitochondrial
membrane permeabilization promoted by Cd2+ and, in general,
in the MPT pore complex formation.
Apart from minor differences reflecting some type of cell
specificity in the harmful action of Cd2+, our conclusion that the
early events in Cd2+-produced cytotoxicity and, in particular,
apoptosis are mitochondrial dysfunction and increased ROS
production is similar to observations by other authors on human
hepatoma HepG2 [29], human hepatocarcinoma Hep3B [38],
normal lung fibroblasts MRC-5 [39], anterior pituitary cells [40],
cortical neurons [7, 28], H4IIE rat-derived hepatocytes [3],
rainbow trout hepatocytes [41], oyster hemocytes [42], HeLa cells
[43] and renal proximal tubule cells [44]. However, in contrast,
Cd2+ has also been observed to inhibit apoptosis induced by other
factors in renal mesangial cells [45] and Chinese hamster ovary
cells [46], the effect being due to caspase inhibition.
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